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Summary

This report describes the design of an experiment for evalu-

ating monolithic and composite material specimens in a
high-temperature environment and subject to high thermal

gradients. The material specimens will be exposed to

aerothermal loads that correspond to thermally similar engine

operating conditions. Materials evaluated in this study were

monolithic nickel alloys and silicon carbide. In addition,

composites such as tungsten/copper were evaluated. A facil-

ity to provide the test environment has been assembled in the

Engine Research Building at the Lewis Research Center. The

test section of the facility will permit both regular and

schlieren photography, thermal imaging, and laser Doppler

anemometry. The test environment will be products of

hydrogen-air combustion at temperatures from about 1200 °F
to as high as 4000 °F. The test chamber pressure will Vary

up to 60 psia, and the free-stream flow velocity can reach
Mach 0.9. The data collected will be used to validate thermal

and stress analysis models of the specimen. This process of

modeling, testing, and validation is expected to yield en-

hancements to existing analysis tools and techniques.

Introduction

The goal of doubling the capability of aircraft propulsion

systems by the twenty-first century requires significant ad-

vances in material, structural, and aerothermodynamic tech-

nology (ref. 1). In particular, the engine hot-section compo-

nents must function at peak efficiencies at 3000 °F to near

stoichiometric temperatures and at high pressures with mini-

mal cooling and without degradation of component life. The

implications of these requirements can be contradictory. A

lightweight, high-temperature material (such as metal-matrix

composites or ceramic-matrix composites), either cooled or

uncooled, must be fabricated in complex aerodynamic shapes

for optimum aerothermal performance.
The development of complex structures made from high-

temperature composite materials requires a comprehensive

knowledge of the aerothermal loads imposed on the structures

by the environment and the reaction of the structures to these

loads. The objective of this research is to develop an under-

standing of the physics relating the aerothermal and mechani-
cal loads and the material and structural responses of these

components. A structure made of composite materials may

be tailored to the expected aerothermal loads to take advan-

tage of their strengths and minimize their weaknesses if these

can be defined early in the design effort. The thermal and

structural responses to these loads are also important because

any structural deformations will also affect the character of
the aerothermal loads.

A threefold approach to this task will be taken. A modular,

user-friendly heat transfer and pressure loads definition code,

which will generate a realistic range of loads, is being devel-

oped to provide input to a thermal analyzer, a structural ana-
lyzer, or both. In addition, an interdisciplinary baseline



calibrationexperimentto verifythecodeis beingdesigned
andconstructed.Finally,anoppoflunitytoevaluatecompos-
itematerials,totesttheabilityofconstitutivemodelingcodes,
andto evaluateadvancedsensorsisprovidedthroughhigh-
temperatureexperiments.

Workhasbegunontheaerothermalloadsdefinitioncode
andtheinterfacesnecessarytoallowinteractionbetweenthe
codeandthethermalandstructuralanalyzers.In addition,a
high-temperaturefacilityhasbeenassembledthatwill be
usedtoprovidethedatarequiredtoverifyandcalibratethe
aerothermalloadscode.Thisfacilitywill alsobeusedto
evaluatevariouscompositematerialspecimenswhenthey
becomeavailable.It iscriticallyimportanttoknowthebound-
aryconditionsonthetestspecimenin orderto verifythe
aerothermalloadscodeanditsinterfaceswiththethermaland
structuralanalyzers.Thecapabilitiesofthisfacilitywillper-
mit thedetailedmeasurementof gas-streamtemperature,
pressure,andvelocity.Surfacephenomena,suchastempera-
tureandheatflux,canalsobemeasuredinsomedetail.When
high-temperaturestraingagesareavailable,thesemeasure-
mentswill alsobemade.

Thisreportdiscussesthefacilityandtheexperimentalhard-
warethatwill beusedto evaluateandverifytheanalyses.

Experimental Apparatus

Figures 1 to 5 show the research hardware that will be used

to run the experiments. Figure 1 is a schematic of the facility

showing the orientation of the test section and the various

instrumentation. Figure 2 is a side-view photograph of the

test section where flow is from left to right. As shown in

figure 3 a mixture of gaseous hydrogen and nitrogen flows in
the upper duct while the lower duct carries air that can be

heated to a temperature of 1100 °F. Both streams are accel-

erated in the nozzle to a maximum velocity of Mach 0.9. The

two streams are kept separate until they mix and react in the

test section. A blunt edge is provided to promote mixing of
the two streams.

The test specimen for these experiments is located in the aft

end of the test section as shown in figure 4 and is exposed to

the products of combustion. The hot gases are finally ex-

hausted either to atmosphere or to altitude exhaust (0.5 psia
minimum).

The test section has two rectangular sapphire windows

(9 in. long by 4 in. wide) on each side and smaller windows

(9 in. by 1 in.) on the top and bottom. These allow the use of

various photographic techniques during testing. These tech-

niques includeboth high-speed and schlieren photography as

well as infrared thermal imaging of the specimen surface and

laser Doppler anemometry measurement of the gas stream.

Test specimen.--The test specimen and the specimen holder

are shown in figure 5. The specimen holder is mounted on the

sidewall and cantilevered into the gas stream. The test speci-

men is only a 1-in.-wide strip on the specimen holder in the

midstream location. The test specimen is configured to rep-

resent a turbine airfoil leading edge. However, even more

important is its location in a transition region where large

thermal gradients may occur. The first test material will be

Haynes 188 superalloy. This material was selected to provide
a state-of-the-art baseline that will be used as a reference

when developing the analysis techniques and interpreting the

results. The initial wall thickness of the test specimens will be
0.025 in.

Attaching the test specimens to the holder is a challenging

task because of the differentials in thermal expansion. In

addition, the type of edge restraint is important to the struc-

tural analysis of the specimen. The analysis is greatly simpli-

fied by selecting a material with isotropic properties. In the

future the anisotropic behavior of composite materials will

also be investigated.

Specimen holder.--The material used to fabricate the speci-

men holder must be compatible with the specimen. This means

that they must be capable of being joined (by brazing or
welding) as well as have similar coefficients of thermal ex-

pansion. Table I lists some compatible pairs of specimen and

holder materials; their coefficients of thermal expansion and

thermal conductivities are plotted in figures 6 and 7.

A significant problem is getting acceptable braze joints for

the ceramic specimens. The technology of brazing ceramics
was developed by the electronics industry (refs. 2 to 4), but

until recently not much emphasis has been placed on me-
chanical strength and structural integrity. This is a critical
area where additional research is needed.

Instrumentation

Extensive and sophisticated instrumentation is available

with which to determine the boundary conditions and the

environment for the test specimens. These include laser

Doppler anemometers (LDA) and infrared thermal imaging

systems. In addition, conventional temperature and pressure

instrumentation is available. The various instrumentation sys-
tems are discussed here.

LDA.--A two-component (four beam) LDA system will be

used to make point measurements of the time-evolved veloc-

ity inside the flow field over the test specimen. In order to

obtain a high-intensity scattered signal for high signal-to-

noise ratio, a 3,75x beam expander and forward scattering
will be used.

IR thermal imager.--An infrared thermal imaging system

is available to provide both a ihermai map--0f-t-tie specimen

surface temperature and a distribution of the surface heat

transfer rate. The surface temperature distribution is mapped

by a scanning optical pyrometer that can provide 30 images
of the specimen per second. The accuracy of the overall

system depends on many factors, including the effect of
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windows,interveninggases,andthesurfaceemissivity.How-

ever, it is anticipated that temperatures can be determined to

within 1 percent of the actual values.
By switching the camera system to a line-scan mode, the

heat transfer rate can be determined from the time response

of the surface temperature to a harmonic change in the free-

stream temperature. This is accomplished by assuming that

the surface can be modeled by a semi-infinite solid. Then the

time response of the surface temperature to a perturbation in

the free-stream temperature can be used to determine the heat
transfer coefficient.

Totaltemperature.--The mean and fluctuating components

of the free-stream total temperature will be measured with a

fiber optic temperature probe. Temperatures up to 3200 °F

and 1000 Hz can be measured by this system. Traversing the

free stream in the plane of the test-specimen leading edge will

provide the temperature profile of the fluid approaching the

specimen.
Conventional instrumentation.--The static free-stream

pressure distribution over the specimen and the coolant inlet

and exit pressures will be measured by conventional pressure

transducers. Specimen reference temperatures will be meas-

ured by embedded thermocouples. The coolant inlet and exit

temperatures will be measured by swaged, open-ball thermo-

couples. The coolant flow rate will be measured by a standard
orifice flowmeter.

Thermal Analysis

Thermal analyses discussed herein were made to determine

the temperature distribution and gradients in the test specimen

and the specimen holder, to develop analysis techniques, to
aid in materials research, and to assist in verifying the strut

design. The critical areas of interest for these analyses were
the leading edge and the braze joint.

Cooling-air passages in the specimen holder were defined

by parallel fins or ribs on the base strut. The skin was attached

by brazing it to this part of the structure. The leading edge was

the location where the temperature was highest and where the

difference in thermal expansion resulted in maximum strain.

It was not obvious whether attaching the skin to the rib at the

leading edge would reduce the plastic strain by cooling the
skin or would result in higher plastic strain because of the

large temperature gradient. In order to answer this question,

two models of the forward portion of the strut were generated.

The first model (hereinafter referred to as model 1) incorpo-

rates a section of the test specimen, the specimen holder, and

the braze joint where the rib stops before extending into the

leading-edge region (see fig. 8). The other model (model 2)

incorporates a section of the specimen holder where the rib

wraps around the leading edge, away from the test specimen

(see fig. 9).

The analyses used commercial codes where possible, with

separate routines being written that interfaced with the com-

mercial codes as necessary. The following steps were taken
to obtain accurate thermal results and to facilitate the use of

these results in the subsequent stress analysis:

(1) The geometry and mesh for both the thermal and stress

analyses were generated.
(2) The aerothermal heat fluxes on the strut surface ex-

posed to the hot gas were determined and applied as boundary
conditions in the model.

(3) The flow-field characteristics in the cooling channels

were calculated and applied as boundary conditions in the

model.

(4) The thermal results were transferred to the structural

model as input to determine thermal stresses.

Model generation. PATRAN (from PDA Engineering)

was used as a pre- and postprocessor to generate the mesh and

to display results, and the same finite element mesh was used

for both the thermal and stress analyses. PATSIN (also from

PDA Engineering) was used with the model data base to

create a finite difference input file for SINDA (the thermal

analyzer from Network Analysis Associates). The finite ele-

ment meshes were generated with uniform hexagonal ele-
ments to obtain accurate conductors after translation to the

SINDA input files. The finite element meshes for both models

are shown in figures 8(b) and 9(b).

Aerothermal boundary conditions.--The aerothermody-

namic loading was determined by using a two-dimensional

Navier-Stokes code developed for flow over turbine airfoils.

The output of this code gives both the static pressure distri-
bution and the heat transfer coefficient distribution over the

test specimen. The resulting heat transfer coefficients are

shown in figure 10. Subroutines were written that use the

geometry in the PATRAN neutral file to calculate the location
and area associated with each SINDA node on the exterior of

the skin; this geometric information, the free-stream combus-

tion temperature, and the heat transfer coefficients from

figure 10 were then used to apply convection boundary con-
ditions in the form of conductors to the SINDA model.

Coolant boundary conditions.--Subroutines were written

to determine the flow-field characteristics in the cooling chan-

nels, which were then applied to the SINDA model as bound-

ary conditions. The coolant channel was broken up into

discrete sections with the same number of fluid nodes along
the channel as there were surface nodes in the flow direction.

There was then a known channel geometry at each fluid node

that could be obtained from the PATRAN data base. Starting

at the supply manifold, the flow field characteristics were

calculated by marching downstream and solving the conser-

vation equations at each fluid node. One-dimensional, mixed,

compressible, steady flow of an ideal gas was assumed, and

the upstream conditions, the channel geometry, and the wall

temperatures passed in from the SINDA model were used.

A critical area in the analysis was the accuracy of the
Nusselt number correlation used in the coolant channels. The

following correlation was used; it accounted for entrance

effects, channel curvature, and large temperature differences



between the wall and the coolant (refs. 5 and 6):

Nu = 0.025 K(0) (Re) 0"8 (Pr) 0"4 Trn L* (1)

where K(0) is a function of channel curvature, Re is the

Reynolds number, Pr is the Prandtl number,

Tr"= (Tw'Tb)05

and

L*= l+0.3(X/Dh )-0'7

where Tw is the channel wall temperature, Tb is the fluid
bulk temperature, x is the distance downstream from the sup-

ply manifold, and D h is the hydraulic diameter of the channel
at x.

SINDA heat transfer analysis.--The SINDA models were

set up to use files and routines that calculate and apply the
boundary conditions to the thermal model automatically with

each change in material properties and coolant supply condi-

tions. Properties for the materials of interest were stored, and
data for selected materials were written into the proper SINDA

array positions. With geometric information from the
PATRAN neutral file, the aerothermal loads and the coolant

boundary conditions were applied as film coefficients and gas

temperatures in the form of conductors from the skin to the

boundary nodes.

In making each model, diffusion nodes were used for the
solid and arithmetic nodes on the surfaces, where boundary

conditions were applied and where dissimilar materials were

joined. All fluid nodes are represented in SINDA as boundary

nodes. The brazing alloy properties were similar to those of
Inconel MA-754; therefore the braze material was modeled

as the same material as the specimen holder.

Thermal�structural interface.--The thermal results were

transferred as input to the MARC finite element program for

thermal stress analysis through an interface program that

generates nodal temperature load cards from the SINDA tem-

perature results file. This interface program uses the weight-

ing factor algorithm from the SINDA to NASTRAN Interface

Program (SNIP) (ref. 7), the PATRAN neutral file for geom-

etry definition and connectivity, and the SINDA temperature
results file as input to interpolate between SINDA node tem-

peratures and finite element node temperatures. Output from

the program is a file containing MARC "fixed temperature"

records in a compatible format.

Stress Analysis .... =

One goal of this analysis was to deterrr_ine tile stress clue to

the differential thermal expansion betweenth e specimen and

the holder. The high stress expected and the high tempera-

tures Could result in plastic deformation. Hence, the MARC

finite element code (from Marc Analysis Research Corpora-

tion) was selected because of its excellent capabilities in the

nonlinear plastic region and in analyzing composite materials.

Two steps were required before proceeding with the stress

analysis. First, the PATRAN model discussed in the previous

section was converted into a MARC model by using the

program PATMAR (from PDA Engineering). Second, the

temperatures obtained from the SINDA heat transfer analysis
were transferred to the MARC model, as described in the

preceding section.
The two models used for the stress analyses are shown in

figure 11. Note that only half of the model shown in

figure 8 (model 1) was used for the stress analysis to reduce

computer memory and run-time requirements. Also in

model 1 the X-Y plane at Z=0 was located at the braze joint

between the test specimen and the holder skin and extends

through the centerline of the rib. The boundary conditions

imposed on both models forced all nodes in the symmetry
plane cutting through the center of the rib (at Z=0 in

figs. 11 (a) and (b)) tO be fixed in the Z direction. The nodes

in the boundary plane at Z=0.1475 in. and Z=-0.1475 in. for
model 1 and at Z=0.1475 in. for model 2 were all constrained

so that they lie in the same plane and must remain in a plane

parallel to the original plane. All nodes on the boundary plane
at the back of the model (at X=0.609 in.) were fixed in the X

direction. All nodes on the X-Z plane cutting through the
centerline of the strut (at Y=0) were fixed in the Y direction.

Only thermal loading was considered in the MARC analyses

because the effect of pressure loading was found to be small.
However, hand calculations based on the full specimen geom-

etry, not just on the model region, have shown higher pressure
stresses on the shell. For this reason the effect of pressure was

taken into account in a separate analysis, and the results were

superimposed on the MARC thermal stress analysis results.

The major limitation of the analyses was that the finite

element models represented only a small segment of the

overall structure. The model boundary conditions were esti-

mated because the exact boundary conditions were not known.

However, depending on the material combinations analyzed,

the critical failure locations were in the leading-edge region

at the braze joint between the test specimen and the holder

skin, at the braze joint between the skin and the rib, or be-
tween the rib and the core. These critical locations were not

close to any boundaries, thus mitigating the effects of the

boundary condition inaccuracies.

Results

The research goals Of this program are to s!_u]9.te the

aerothermal loads Of advanced gas turbine engines,inc]uding

the large thermal gradients and subsequent thermal stresses

and strains, in candidate test specimen materials. These goals

generally conflict with the design goals of preventing the
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specimenholderanditsbrazejointsfromfailing.Hightem-
peraturesandtemperaturegradientsexistwheretheheatfluxes
arehigh,andtheywill belargestinmaterialswithlowther-
malconductivitybecauseof theirinabilityto conductheat
fromthehotsurfacethroughthematerialtothecoolant.These
issuesmustalsobeaddressedduringthedesignofcompo-
nentsmadefromtheseadvancedmaterials.Whetherthese
componentsareactivelycooledornot,highthermalgradients
willoccuratsomelocationswithinthecomponent.Andcon-
sequentlyhighthermalstresseswill beinduced.

Inordertomaintaintheintegrityofthebrazejointforthese
testspecimensandholders,thetemperaturesmustbekeep
lowenoughtoretainadequatematerialstrength,andthegra-
dientsmustbecontrolledtolimitthermalstresseswhileatthe
sametimepreservingtheresearchobjectives.Thiscanbe
donebyusingmaterialswithsimilarthermalexpansionco-
efficients.Thebrazingmaterialmustalsohavesimilarther-
malpropertiesasthepiecesbeingjoined,mustbeductileto
relievestresses,andmustremainstrongenoughathightem-
peraturesto withstandtheinternalpressureandthermal
stresses.Figures6 and7 showa comparisonof material

thermal properties used in this analysis. The material proper-

ties are obtained from Inco Company literature (ref. 8), the

"Aerospace Structural Metals Handbook" (ref. 9),

"Thermophysical Properties of Matter" (ref. 10), and Henisch

and Roy (ref. 11). All analyses assume isotropic temperature-

dependent properties. For the composite materials the prop-

erties used are in the X-X plane.
Table H tabulates results for both models with the same

boundary conditions on the combustion side of the strut and

the same coolant air supply conditions. The coolant air supply

conditions are 60 psia, 0.3 lb/sec, and 70 °F. The coolant air

properties were obtained from the GASPLUS program

(ref. 12). Note that a stress analysis was not done on all the

material combinations listed in table II because of the long

computer run times needed. The element locations referred to

in table II are shown in figure 12. Element 2513 is not in-
cluded in the stress model. Because of the differences in

material properties the flow conditions downstream of the

supply manifold vary somewhat. Figure 13 shows the coolant
flow conditions for model 1 calculated for the materials with

the lowest (Haynes 188 test specimen and Inconel MA-754

specimen holder) and the highest thermal conductivities (tung-

sten/copper test specimen and tungsten holder). The rapid

change in heat transfer coefficient before and after the

leading-edge region is a result of the jump in average Coolant

channel wall temperatures occurring where the rib stops. A

three-dimensional analysis of the coolant flow would be re-

quired to more accurately calculate these values.

Figures 14 to 21 show results from model 1 for eight dif-

ferent material combinations. The highest temperature gradi-

ents occurred in the forward portion of the rib at the braze

joint, and the highest material temperatures occurred at the

leading edge. The gradients and maximum temperatures were

considerably higher for the materials with low thermal con-

ductivity, as can be seen in table II and figures 22 and 23.

The results of the stress analysis of a Haynes 188 specimen

in an Inconel MA-754 specimen holder are shown in fig-

ures 14(b) and (c). The predicted maximum effective stress

was over 85 000 psi at the brazed joint in the leading edge.

Hence, permanent plastic deformation of the structure is pre-

dicted because the yield strength of this material is 44 000 psi

at the predicted temperature of 1220 °F. At this temperature

the ultimate tensile strength of the Haynes 188 is 105 000 psi;

therefore it is predicted that the strut will survive. The plot of

the plastic deformation shows a maximum plastic deforma-

tion of 0.6 percent at the leading-edge joint, where the maxi-

mum stress is predicted. Note, also, that high stress is pre-
dicted at the locations where the test specimen and the holder

skin join the rib as well as where the core joins the rib for this

material combination. Small plastic deformation is predicted

at the joint between the skin and the rib. The significance of

the plastic deformation is that the structure may be distorted

after a test to the extent that it may not be reused.

The second case (figs. 16(b) and (c)) is for a silicon carbide

specimen in the same Inconel specimen holder. The maxi-

mum plastic strain was 4.5 percent at the leading-edge joint

and 3.5 percent at the skin/rib joint. Because the difference in

the thermal expansion was larger than in the previous situa-

tion, the stresses, and even more significantly the plastic

strain, increased.

Figures 17(b) and (c) show the results of modeling a tung-

sten specimen brazed to an Inconel MA-754 specimen holder.

The maximum plastic strain was 3.6 percent at the leading-

edge joint (not visible). At the skin/rib joint the plastic strain

was almost 3 percent.

The stress analysis of a tungsten/copper composite material

attached to an Inconel MA-754 holder is shown in fig-

ures 18(b) and (c). Because of the higher yield strength of this

material the maximum plastic deformation was limited to

1.9 percent.

The results of modeling a tungsten/copper composite test

specimen and a tungsten holder are shown in figures 20(b)

and (c). Here the coefficients of thermal expansion are far

enough apart that a maximum plastic strain of 2.9 percent was

predicted. This is even higher than the 1.9 percent predicted

for the tungsten/copper and Inconel MA-754 combination

discussed previously. This amount of plastic deformation will

probably result in unacceptable distortion of the structure

after the first test. A better match of the thermal expansion

coefficients is needed to reduce the permanent plastic defor-

mation noted in the previous examples. For ceramics such as

silicon carbide, good choices are tungsten and other refractory

metals as shown figure 6. These materials are strong and

readily available and can be manufactured into complex struc-

tures. However, two deficiencies in their performance are

their tendency to oxidize into a vapor and brittleness at room

temperature. The first problem can be overcome by coatings,
and the second by proper design. The silicon carbide test

specimen and tungsten holder results are shown in fig-

ure 21(b). Note that the stress is now less than the yield

strength of both alloys and that no plastic strain was predicted.



Resultsformodel2 are shown in figure 24 for an Inconel

MA-754 holder skin and core. The coolant supply conditions

(air at 60 psia, 0.3 lb/sec, and 70 °F) were the same as those

used in the model 1 analyses. The thermal analysis was run

for a 3000 OF combustion temperature (fig. 24(a)) and for a

4000 OF combustion temperature (fig. 24(b)). The stress analy-

sis was run only on the 4000 °F case (figs. 24(c) and (d)). The

maximum plastic strain was 1.3 percent. This is a significant

increase from the results shown in figure 14(c); however, the

combustion temperature is higher in model 2.

Figures 25 to 29 show results from model 2 for five addi-
tional material combinations, a combustion temperature of

3000 °F, and the same coolant supply conditions as those

for figure 24. As shown in table II the highest gradients

occur where the skin attaches to the rib at the leading edge.

The maximum temperatures and gradients are somewhat

lower in this portion of the strut because the coolant channel

is narrower (0.243 in. in model 2 compared with 0.4 in. under

the test specimen in model 1) and the rib is thinner (0.05 in.

in model 2 compared with 0.15 in. in model 1). The difference

between the two rib geometries can be seen by comparing

the results shown in figures 27(b) and (c) with figures 17(b)
and (c). The rib extending around the leading edge

drastically increased the plastic strain from 3,6 percent to

12.3 percent, making this material combination and geometry

unacceptable.

Concluding Remarks

On the basis of the analytical results the Haynes 188 test

specimen and the Inconel MA-754 specimen holder baseline

design will survive testing. The 0.6-percent plastic deforma-

tion predicted is small, and the warpage may be small enough

to allow the specimen holder to be brazed to a second test

specimen. However, brazing the other candidates for test

materials to the Inconel specimen holder will result in much

higher plastic strains. Warpage after use with a second mate-

rial will be significant, making the use of the Inconel holder

with a third test piece improbable.
When additional struts are made, in order to test materials

such as silicon carbide and tungsten/copper composites, the

specimen holder should be made of a material With a beiter

match of thermal expansion coefficients. Tungsten is the rec-

ommended material for the new test specimen holders. When

matched with the silicon carbide test specimen, the tungsten

holder exhibits no plastic strain and could be reused for ad-

ditional test materials. A tungsten/copper composite will prob-

ably survive being tested with a tungstenh0Td_r,-I)ut it should

be the last material combination tested because even the tung-

sten strut will suffer unacceptable distortion.

The results show a much higher plastic strain when the rib

wraps around the leading edge as it does in model 2. Large

temperature gradients occur at the location of maximum tem-

perature on the leading edge. Therefore, the rib should stop

before it extends around the leading edge under the test speci-

men to avoid the joining of dissimilar materials in this critical

area. If possible, the rib should not wrap around the leading

edge in the remainder of the strut either because of the 1.3-

percent plastic strain predicted when using the baseline con-

figuration of Inconel MA-754. However, this design may be

necessary to give additional strength to withstand the higher

coolant pressures inside the strut.

Lewis Research Center,

National Aeronautics and Space Administration,

Cleveland, Ohio, July 12, 1991
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TABLEL---COMPATIBLESPECIMEN AND

HOLDER MATERIALS

Specimen

Haynes 188

Silicon carbide

Copper/tungsten

Holder

Inconel

Tungsten

Tungsten

TABLE II.--SUMMARY OF THERMAL AND STRESS ANALYSES FOR MODELS 1 AND 2

(a) Model 1

Material combination

(specimen/holder)

Haynes 188/MA-754
MA-754/MA-754

Silicon carbide/MA-754

Tungsten/MA-754

Tungsterdc opper/MA-754

Tungsten/copper/

silicon carbide

Tungsten/copper/tungsten

Silicon carbide/tungsten

Leading edge

(element 2513)

Tempera- Gradient,

ture, °F/in.

oF

1220 2749

1195 2378

1140 1934

969 567

881 206

855 210

823 216

1106 1931

Forward skin/rib interface

(element 2285)

"l'empera- Gradient, Stress, Strain,

ture, *F/in. psi percent

*F

743 7258 52 549 ---

728 6309 .......

762 6590 97 379 3.5

814 6478 78 579 3.6

818 5916 .........

783 4303 .........

740 1898 88 438 2.9

688 5741 15 230 ---

Co) Model 2

Braze joint at leading edge

(element 281)

Tempera- Gradient, Stress, Strain,

ture, *F/in. psi percent

*F

1179 417 44568 0.6

1164 78 ..........

1138 540 99851 4.5

1030 2345 80 827 --

953 3180 ....... 1.9

909 2206 ..........

837 511 156 679

939 1731 48 395 ..°

Material combination

(specimen/holder)

Haynes 188/MA-754

MA-754/MA-754

Silicon carbide/

MA-754

Tungsten/MA-754

Tungsten/copper/
MA-754

Tungsten/tungsten

Leading edge at midchannel

(element 1)

Tempera- Gradient, Stress, Strain,

ture, *F/in. psi percent

*F

1132 3009

1144 2516

1017 1984

877 587 218 532

801 220 ....... °.°

779 608 25 019 ---

Leading edge skin/fib interface

(element 783)

Tempera- Gradient, Stress, Strain,

ture, *F/in. psi percent

*F

926 6547

962 6049

896 4994

_---

845 3349 214 959 12.3

790 2758 ...........

717 1578 7 138 ....

Leading edge above rib

(element 617)

Tempera- Gradient, Stress, Strain,

ture, *F/in. psi percent

*F

1004 3425 ..........

1027 2868 ....... 1.3

939 2029 ....... ---

857 592 310007 ---

795 221 ..........

731 618 34 497
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Figure 1 .--Schematic of aerothermal loads experiment facility.
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Figure 2.--Aerothermal loads experiment facility.
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Figure 3.--Schematic of facility test section.

Figure 4.--Specimen holder installation in test section,
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Figure 6.---Coefficients of thermal expansion for specimen and holder materials.
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Figure 7.--Thermal conductivities for specimen and holder materials.
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Figure 8.--Model 1 of forward portion of strut.
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Figure 9.--Model 2 of forward portion of strut.
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Figure 10.--Aerothermal loading.

I
.7

13



X = 0.609 In. -_
I

Y I
X

Z _ Z = 0.1475 In.

(a) Model 1.
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Figure 1l.--Models used for stress analysis.
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(a) Model I.

Element

617

(b) Model 2.

Figure 12.--Element locations. (See table II.)
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Figure 13.--Calculated flow conditions in coolant channel for material combination with highest (tungsten/copper
test specimen and tungsten holder) and lowest (Haynes 188 test specimen and Inconel MA-754 holder) thermal

conductivities.
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(a) Temperature distribution.

Temper-
ature,

oF

1220

1154

1089

1023

958

892

827

761

695

630

564

499

433

368

302

237

Effective
stress,

psi

85 281

79 764

74 248

68 732

63 215

57 699

52 183

46 667

41 150

35 634

30 118

24 601

19 085

13 569

8 053

2 536

Co) Stress distribution.

Finite 14.--Model I analysis of Haynes 188 test specimen and lnconcl MA-754 holder. Combustion tempera-

ture, 3000 °F, Coolant supply conditions: flow rate, 0.3 lb/_c; pressure, 60 psia; temperature, 70 °F.
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(c) Plastic strain.

Figure 14.---Concluded.

Equivalent
plastic
strain,
in./in.

0.00598

•00557

.00516

.00474

.00433

.00391

.00350

.00309

.00267

.00226

.00184

.00143

.00101

.000600

•000186

-.000228
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Temper-
ature,

oF

1195

1131

1068
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94O
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813

749

685

622

558

494

431

367

303

240

Figure 15.--Model 1 temperature distribution of Inconel MA-754 test specimen and Inconel MA-754 holder.

Combustion temperature, 3000 °F. Coolant supply conditions: flow rate, 0.3 lb/sec; pressure, 60 psia;

temperature, 70 °F.
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(a) Temperature distribution.

Temper-
ature,

oF

1170

1109

1047

986

924

863

801

740

678

617

555

494

432

371

309

248

P_Ee_,EDING PAGE BLANK

Y

Effective
stress,

psi

440 682

412 323

383 964

355 605

327 245

298 886

270 527

242 168

213 809

185 449

157 090

128 731

100 372

72 013

43 654

15 294

(b) Stress distribution.

Figure 16.--Model 1 analysis of silicon carbide test specimen and Inconel MA-754 holder. Combustion

temperature, 3000 °F. Coolant supply conditions: flow rate, 0.3 Ib/sec; pressure, 60 psia; temperature, 70 °F.
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(c) Plastic strain.

Figure 16.---Concluded.

Equivalent
plastic
strain,
in./in.

0.0454

.0424

.0393

.0363

,0332

.0301

.0271

.0240

.0210

.0179

.0148

.0118

.00871

.00565

.00259

-.000475

Temper °
ature,

oF

1157 [--

1098

86O

801

742

682

, 623

564

5O5

445

386

X - --''_=====__ 327

267

(a) Temperature distribution.

Figure 17.--Model I analysis of tungsten tesI specimen and lnconel MA-754 holder. Combustion lemperature,

3000 °F. Coolant supply conditions: flow rate, 0.3 lb/sec; pressure, 60 psia; temperature, 70 °F.
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(b) Stress distribution.

(c) Plastic strain.

Figure 17.---Concluded.

P,iI , I_',

COt.OR

Effective

stress,
psi

90 419

85 012

79 606

74 199

68 793

63 387

57 980

52 574

47 167

41 761

36 354

30 948

25 542

20 135

14 729

9 322

Equivalent
plastic
strain,
in./in.

0.0364

•0339

.0314

.0290

.0265

.0241

.0216

.0191

•0167

•0142

.0118

.00929

.00683

.00437

.00191

-.000550
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(a)

Temper-
ature,

oF

1147

1089

1031

857

79_

741

683

625

567

509

451

278

Temperature distribution.

F-

Y

Effective

stress,
psi

130 903

122613

114 323

106 033

97 743

89 453

81 163

873

584

56 294

48 004

39 714

31 424

23 134

14 844

6 554

(b) Stress distribution.

Figure 18.--Model 1 analysis of tungsten/copper test specimen and Inconel MA-754 holder. Combustion

temperature, 3000 °F. Coolant supply conditions: flow rate, 0.3 lb/sec; pressure, 60 psia; temperature, 70 °F.
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Equivalent

plastic
strain,
in./in.

0.0193

•0180

.0166

.0153

•014O

.0127

.0114

Y

.00610

.0O478

.00346

.00214

.000820

-.000500

(c) Plastic strain.

Figure 18.---Concluded.

X

Temper-
ature,

°F
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1027
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____- - 893
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804

759

715

670

625

581

536

492

447

403

Figure 19.--Model I temperature distribution of tungsten/copper test specimen and silicon carbide holder.

Combustion lcmperature, 3000 °F. Coolant supply condilions: flow rate, 0.3 lb/sec; pressure, 60 psia;

temperature, 70 °F.
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(a) Temperature distribution.

Temper-
ature,

oF

879

859

838

818

798

777

757

737
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655
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574

Y

Effective

stress,
psi

150 088

140 074

130 059

120 045

110 030

100016

90 001

79 987

69 973

59 958

49 944

39 929

29 915

19 900

9 886

-129

(b) Stress distribution.

Figure 20.--Model 1 analysis of tungsten/copper test specimen and tungsten holder. Combustion temperature,

3000 °F. Coolant supply conditions: flow rate, 0.3 Ib/_c; pressure, 60 psia; temperature, 70 °F.
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(c) Plastic strain.

Figure 20._Concluded.

Equivalent
plastic
strain,
in./]n.

0.0292

.0272

.0252

.0233

.0213

•0193

.0173

.0153

.0134

.0114

.00941

.00743

.00546

.00348

.00150

-.000478

Temper-
ature,

oF

1106

1067

1028

989

95O

911

872

833

794

,.- 755
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677

638

599

X 56O

521

(a) Temperature distribmion.

Figure 21.--Model 1 analysis of silicon carbide lest specimen and tungsten holder. Combustion lemperature,

3000 °F. Coolant supply conditions: flow rate, 0.3 lb]sec; pressure, 60 psia; temperature, 70 °F.
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Oa) Stress distribution.

Figure 21 .------Concluded.
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Figure 22.--Maximum specimen temperature and maximum gradient at leading edge as function of thermal

conductivity. Combustion temperature, 3000 °F. Coolant supply conditions: flow rate, 0.3 Ib/sec; pressure,

60 psia; temperature, 70 °F.
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Figure 23.--Maximum stress and maximum plastic strain as function of differences in coefficient of thermal

expansion for three material combinations. Combustion temperature, 3000 °F. Coolant supply conditions:
flow rate, 0.3 lb/sec; pressure, 60 psia; temperature, 70 °F.

pRE'_U|b]G P?_GE BLANK NO';" FILMED

37





(a) Temperature distribution (3000 *F combustion temperature).

Temper-
ature,

oF

1144

1091

1038
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(b) Temperature distribution (4000 °F combustion temperature).

Figure 24.--Model 2 analysis of Inconel MA-754 holder skin and Inconel MA-754 core. Coolant supply

conditions: flow rate, 0.3 Ib/sec; pressure, 60 psia; temperature, 70 °F. ORIGINAL PAGE
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39

" =_,O_ F,IL,r_,ED





PREC_

Z

Y

Z

Y

(c) Stress distribution (4000 *F combustion temperature).

Effective

stress,

psi

84 009

79 040

74 072

69 104

64 136

59 168

54 199

49 231

44 263

39 295

34 327

29 358

24 390

19 422

14 454

9 486

Equivalent
plastic

strain,
in3in.

0.0132

.0123

.0114

.0105

.00965

.00876

.00786

.00697

.00607

.00517

.00428

.00338

.00249

.00159

.000694

-.000202

(d) Plastic strain (4000 *F combustion temperature).

Figure 24.---Concluded.
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Temper-
ature,

°F
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914

859
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696
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' 587

533

478
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Figure 25.--Model 2 temperature distribution of Haynes 188 holder skin and Inconel MA-754 core. Combustion

temperature, 3000 °F. Coolant supply conditions: flow rate, 0.3 Ib]sec; pressure, 60 psia; temperature, 70 °F.
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Figure 26.--Model 2 temperature distribution of silicon carbide holder skin and Inconel MA-754 core.

Combustion temperature, 3000 °F. Coolant supply conditions: flow rate, 0.3 lb/sec; pressure, 60 psia;

temperature, 70 °F.
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(a) Temperature distribution.

Temper-
ature,

oF

877

842

806

770

734
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518
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446
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375

339

Effective
stress,

psi

375 981

353 338

330 694

308 050

285 406

262 762

240 119

217 475

194 831

172 187

149 543

126 900

104 256

x_Z 81 612

58 968

Y 36 324

_) StrL--ss distribution

Figure 27.--Model 2 analysis of tungsten holder skin and lnconel MA-754 core. CombtLstion temperature,

3000 °F. Coolant supply conditions: flow rate, 0.3 Ib]sec; pressure, 60 psia; temperature, 70 °F.
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PRECEDinG _AGE

Equivalent
plastic
strain
in.An.

0.123

.115

.106

.0981

.0898

.0815

.0733

.0650

.0567

.0485

.0402

(c) Plastic strain.

Figure 27.--Concluded.
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Figure 28.--Model 2 temperature distribution of tungsten/copper holder skin and Inconel MA-754 core.

Combustion temperature, 3000 °F. Coolant supply conditions: flow rate, 0.3 Ib/sec; pressure, 60 psia;

temperature, 70 °F.
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(a) Temperature distribution.

Temper-
ature,

°F

779

762

745

728

711

694

677

66O
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610
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576

559

542

525

Effective

stress,
psi

37 144

34 757

32 371

29984

27597

25210

22 823

20 437

18 050
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13276
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8 503

6116
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1 343

(b) Stress distribution.

Figure 29.--Model 2 analysis of tungsten holder skin and tungsten core. Combustion temperature, 3000 °F.

Coolant supply conditions: flow rate, 0.3 lb/sec; pressure, 60 psia; temperature, 70 °F.
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